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biomarkers on the basis of what we know about life on Earth. Therefore, if there is a martian biomarker, we may not be able to recognize it, unless it is similar to an earthly biomarker. Additionally, no information is available on the geologic context of this rock on Mars.
ALH84001 is an igneous orthopyroxenite consisting of coarse-grained orthopyroxene [(Mg,Fe)SiO3] and minor maskelynite (NaAISi308), olivine [(Mg,Fe)SiO4], chromite (FeCr204), pyrite (FeS2), and apatite [Ca3(PO4)2j (4-6). It crystallized 4.5 billion years ago (Ga) (6) . It records at least two shock events separated by a period of annealing. The age of the first shock event has been estimated to be 4.0 Ga (7). Unlike the other SNC meteorites, which contain only trace carbonate phases, ALH84001 contains secondary carbonate minerals that form globules from 1 to -250 ,um across (4, 6, 8, 9). These carbonate globules have been estimated to have formed 3.6 Ga (10). Petrographic and electron microprobe results (4, 11) indicate that the carbonates formed at relatively high temperatures (-700?C); however, the stable oxygen isotope data indicate that the carbonates formed between 00 and 80?C (12). The carbonate globules are found along fractures and in pore spaces. Some of the carbonate globules were shock-faulted (4, 5) . This shock event occurred on Mars or in space, and thus rules out a terrestrial origin for the globules (3, 8, 13). The isotopic composition of the carbon and oxygen associated with the carbonate globules also indicates that they are indigenous to the meteorite and were not formed during its 13,000-year residence in the Antarctic environment (13) .
The 813C values of the carbonate in ALH84001 range up to 42 per mil for the large carbonate spheroids (12) and are higher than values for carbonates in other SNC meteorites. The source of the carbon is the martian atmospheric C02, which has been recycled through water into the carbonate (12) . The carbon isotopic compositions of ALH84001 are similar to those measured in CM2 carbonaceous chondrites (14) . Consequently, the carbonates in ALH84001 and the CM2 meteorites are believed to have been formed by aqueous processes on parent bodies. The b83C in martian meteorite carbonates ranges from -17 to +42 per mil (12, 15, 16 ). This range of 13C values exceeds the range of 13C generated by most terrestrial inorganic processes (17, 18) . Alternatively, biogenic processes are known to produce wide ranges in 813C on Earth (19, 20) .
ALH84001 arrived on Earth 13,000 years ago (15, 21) and appears to be essentially free of terrestrial weathering (8). ALH84001 does not have the carbon isotopic compositions typically associated with weathered meteorites (12, 15) , and detailed mineralogical studies (8) show that ALH84001 has not been significantly affected by terrestrial weathering processes.
ALH84001 is somewhat friable and breaks relatively easily along preexisting fractures. It is these fracture surfaces that display the carbonate globules. We analyzed freshly broken fracture surfaces on small chips of ALH84001 for polycyclic aromatic hydrocarbons (PAHs) using a microprobe two-step laser mass spectrometer (piL2MS) ( 
22, 23).
Polycyclic aromatic hydrocarbons. Spatial distribution maps of individual PAHs on interior fracture surfaces of ALH84001 demonstrate that both total PAH abundance and the relative intensities of individual species have a heterogeneous distribution at the 50-p,m scale. This distribution appears to be consistent with partial geochromatographic mobilization of the PAHs (24). The average PAH concentration in the interior fracture surfaces is estimated to be in excess of 1 part per million (25). The PAHs were found in highest concentration in regions rich in carbonates.
From averaged spectra we identified two groupings of PAHs by mass (Fig. IA) Studies of exterior fragments of ALH84001 with intact fusion crust show that no PAHs are present within the fusion crust or a zone extending into the interior of the meteorite to a depth of -500 gm (Fig. 1 (Fig. 4, A through C) . Composition of the fine-grained carbonate matrix matches that of coarse-grained carbonates located adjacent to the rim (Fig.  4A) .
High-resolution transmission electron microscopy (HRTEM) and energy dispersive spectroscopy (EDS) showed that the Fesulfide phase associated with the Fe-rich rims is pyrrhotite (Fig. 4C) . Pyrrhotite particles are composed of S and Fe only; no oxygen was observed in the spectra. Particles have atomic Fe/S ratios ranging from -0.92 to 0.97. The size and shape of the FeS particles vary. Single euhedral crystals of pyrrhotite range up to --100 nm across; polycrystalline particles have more rounded shapes ranging from -20 to 60 nm across (Fig. 4C) . HRTEM of these particles showed that their basal spacing is 0.57 nm, which corresponds to the {1111 reflection of the pyrrhotite in a 4C monoclinic system. The magnetite is distributed uniformly in the rim, whereas the pyrrhotite seems to be distributed randomly in distinct domains -5 to 10 ,um long (Fig. 3C) . Magnetite grains in ALH84001 did not contain detectable amounts of minor elements. In addition, these magnetite grains are single-domain crystals having no structural defects.
A distinct region, located toward the center of the carbonate spheroid but completely separate from the magnetite-rich rim described above, also shows accumulation of magnetite and an Fe-rich sulfide (Fig. 3A, region II, and Fig. 5A ). This region displays two types of textures: The first one is more massive and electron-dense ?^---RESEARCH ARTICLE under the TEM. The second region is much less electron-dense and is fine-grained and porous. The porous material occurs mainly in crosscutting bands and rarely in isolated patches. We interpret this porous texture as a region in which the massive carbonate has been partially dissolved. The nanometersize magnetite and Fe-sulfide phases are everywhere associated with the fine-grained, porous Mg-Fe-rich carbonate. In the regions containing high concentrations of magnetite, dissolution of carbonate is evident (Fig. 5A) . In contrast to the magnetite-rich rim, the core area contains few magnetite particles. The Fe-sulfide phases in this magnetite-poor region have chemical compositions similar to that of the pyrrhotite. However, unlike pyrrhotite grains that have a large variety of morphologies, most of these Fe-sulfide particles have elongated shapes (Fig. 5B) . We could not obtain a diffraction pattern of these Fe-sulfide particles because they were unstable in the electron beam. Possible candidates for these Fe-sulfide minerals include mackinawite (FeS1 I), greigite (Fe3S4), and smythite (Fe9S1 1). Because of the morphological similarity to terrestrial greigite (Fig. 5C) , we suggest that these Fe-sulfide minerals are probably greigite (38) .
Formation of the magnetite and iron sulfides. The occurrence of the fine-grained carbonate, Fe-sulfide, and magnetite phases could be explained by either inorganic or biogenic processes. Single-domain magnetite can precipitate inorganically under ambient temperature and neutral pH conditions by partial oxidation of ferrous solutions (39). This synthetic magnetite ranges in size from about 1 to more than 100 nm and is chemically very pure (39). Simultaneous inorganic precipitation of magnetite and pyrrhotite requires strongly reducing conditions at high pH (40). However, carbonate is normally stable at high pH, and the observed dissolution of carbonate would normally require low pH acidic conditions. It is possible that the Fe-sulfides, magnetite, and carbonates all formed under high pH conditions, and the acidity changed at some point to low pH, causing the partial dissolution of the carbonates. But the Fe-sulfide and magnetite do not appear to have undergone any corrosion or dissolution, which would have likely occurred under acidic conditions (41). Moreover, as previously mentioned, the dissolution of carbonate is always intimately associated with the presence of Fe-sulfides and magnetite. Consequently, neither simultaneous precipitation of Fe-sulfides and magnetite along with dissolution of carbonates nor sequential dissolution of carbonate at a later time without concurrent dissolution of Fe-sulfides and magnetite seems plausible in simple inorganic models, although more complex models could be proposed.
In contrast, the coexistence of magnetite and Fe-sulfide phases within partially dissolved carbonate could be explained by biogenic processes, which are known to operate under extreme disequilibrium conditions. Intracellular coprecipitation of Fesulfides and magnetite within individual bacteria has been reported (42). In addi- Surface features and origin of the carbonates. We examined carbonate surfaces on a number of small chips of ALH84001 with the use of high-resolution SEM (50). The Fe-rich rim of globules typically consists of an aggregate of tiny ovoids intermixed with small irregular to angular objects (Fig. 6A) . Ovoids in the example are about 100 nm in longest dimension, and the irregular objects range from 20 to 80 nm across. These features are typical of those on the Fe-rich rims of many carbonate globules. These objects are similar in size and shape to features in the Fe-rich rims identified as magnetite and pyrrhotite (Fig. 4, B and C). These objects are too small to obtain compositional analysis under the SEM.
In the center of some of the globules (Fig. 2) , the surface of the carbonate shows an irregular, grainy texture. This surface texture does not resemble either cleavage or a growth surface of synthetic and diagenetic carbonates (51). These surfaces also display small regularly shaped ovoid and elongated forms ranging from about 20 to 100 nm in longest dimension (Fig. 6B) The origin of these textures on the surface of the ALH84001 carbonates (Fig. 6, A  and B) is unclear. One possible explanation is that the textures observed on the carbonate surface are a result of the partial dissolution of the carbonate-that is, they are erosional remnants of the carbonate that happen to be in the shape of ovoids and elongate forms, perhaps because the carbonate has preferentially eroded along grain boundaries or dislocations. Shock effects may have enhanced such textures. However, because we know of no similar example from the terrestrial geologic record or from laboratory experiments, we cannot fully evaluate this possible explanation for the textures. A second possibility is that artifacts can be created during sample preparation or may result from laboratory contamination. For example, the application of a thick Au-conductive coating can produce textures resembling mud cracks, and even droplets or blobs of Au. Laboratory contamination can include dust grains, residue from sample cleaning, and organic contamination from epoxy. For comparison, we examined several control samples treated identically to the meteorite chips. We conclude that the complex textures (Fig. 6) did not result from procedures used in our laboratory. Only interior or freshly broken surfaces of chips were used (50). We did observe an artifact texture from our Au-Pd conductive coating that consists of a mud crack-like texture visible only at 50,OOOX magnification or greater. None of the controls display concentrations or blobs of coating material. A lunar rock chip carried through the same procedures and examined at high magnification showed none of the features seen in Fig. 6 . An altemative explanation is that these textures, as well as the nanosize magnetite and Fe-sulfides, are the products of microbiological activity. It could be argued that these features in ALH84001 formed in Antarctica by biogenic processes or inorganic weathering. It is unlikely that reduced phases, such as iron sulfides, would form in Antarctica during inorganic weathering because reported authigenic sulfur-bearing phases from Antarctic soils and meteorites are sulfates or hydrated sulfates. In general, authigenic secondary minerals in Antarctica are oxidized or hydrated (53). The lack of PAHs in the other analyzed Antarctic meteorites, the sterility of the sample, and the nearly unweathered nature of ALH84001 argue against an Antarctic biogenic origin. As a control we examined three Antarctic ordinary chondrites (ALH78119, ALH76004, and ALH81024, all of which do not have indigenous PAHs) from the same ice field where ALH84001 was collected, as well as a heavily weathered ordinary chondrite that gave negative results for PAHs (LEW 85320). These meteorites were chosen to cover the different degrees of weathering observed on Antarctic meteorites. Examination of grain surfaces at all magnifications in weathered and unweathered regions of these meteorites showed no sign of the ovoid and elongate forms seen in ALH84001. However, none of these control meteorites contained detectable carbonate.
Ovoid features in Fig. 6 are similar in size and shape to nannobacteria in travertine and limestone (54). The elongate forms (Fig. 6B) (57) . Moreover, the observed sequence in the martian carbonate globules-Mn-containing carbonate production early (in the core) followed by Fe carbonate and finishing with the abundant production of reduced Fe-sulfides-is a sequence that is common in terrestrial settings, because Mn is first reduced by biogenic action, followed by ferric iron and sulfate (57). Pure Mgcarbonate (magnesite) can also be produced by biomineralization under alkaline conditions (59). On the basis of these observations, we interpret that the carbonate globules have a biogenic origin and were likely formed at low temperatures.
It is possible that all of the described features in ALH84001 can be explained by inorganic processes, but these explanations appear to require restricted conditions-for example, sulfate-reducing conditions in Antarctic ice sheets, which are not known to occur. Formation of the described features by organic activity in Antarctica is also possible, but such activity is only poorly understood at present. However, many of the described features are closely associated with the carbonate globules which, based on textural and isotopic evidence, were likely formed on Mars before the meteorite came to Antarctica. Consequently, the formation of possible organic products (magnetite and Fe-sulfides) within the globules is difficult to understand if the carbonates formed on Mars and the magnetite and Fe-sulfides formed in Antarctica. Additionally, these products might require anerobic bacteria, and the Antarctic ice sheet environment appears to be oxygen-rich; ferric oxide formed from metallic Fe is a common weathering product in Antarctic meteorites.
In examining the martian meteorite ALH84001 we have found that the following evidence is compatible with the existence of past life on Mars: (i) an igneous Mars rock (of unknown geologic context) that was penetrated by a fluid along fractures and pore spaces, which then became the sites of secondary mineral formation and possible biogenic activity; (ii) a formation age for the carbonate globules younger than the age of the igneous rock; (iii) SEM and TEM images of carbonate globules and features resembling terrestrial microorgan- . Possible contamination during sample preparation was minimized by performing nearly all sample preparation at the NASA-JSC meteorite curation facility. In cases where subsequent sample handling was required at Stanford, all manipulation was performed in less than 15 minutes, using only stainless steel tools previously rinsed and ultrasonicated in methanol and acetone. Dust-free gloves were worn at all times and work was performed on a clean aluminum foil surface. To quantify airborne contamination from exposure to laboratory air, two clean quartz discs were exposed to ambient laboratory environments both at NASA-JSC and Stanford. 
